Histone deacetylases (HDACs) enzymes are responsible for removing epigenetic markers on histone proteins, which results in chromatin inactivation and gene repression. An evaluation of HDAC activity is essential for not only determining the physiological function of HDACs, but also for developing HDAC-targeting drugs. This review focuses on the chemical tools used to detect HDAC activity. We highlight activity-based probes and positron emission tomography probes based on the chemical structure of the inhibitors. We also summarize fluorogenic probes used in single-step methods for HDAC detection. These fluorogenic probes are designed based on the nucleophilicity of the amino group, aggregation via electrostatic interactions, and changes in the DNA binding properties. These fluorogenic systems may enable facile and rapid screening to evaluate HDAC inhibitors, which will contribute to the development of epigenetic drugs.
Introduction
In eukaryotic cells, DNA is compactly wrapped inside the nucleus, forming chromatin structures that interact with nuclear histone proteins. DNA and dimers of four histone proteins (H2A, H2B, H3, and H4) form a nucleosome, the structural unit of chromatin. 1 Histones are subjected to chemical modifications, such as acetylation, methylation, and phosphorylation after translation. 2, 3 Histone modification states are reversibly and dynamically controlled by numerous enzymes.
The acetylation of histones is an essential post-translational modification associated with epigenetic gene regulation. In 1964, Allefrey et al. demonstrated the relationship between the histone acetylation level and the transcriptional activity in cells. 4 Acetylation occurs on the ε-NH2 groups of lysine residues of 2015 © The Japan Society for Analytical Chemistry 
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Masafumi MINOSHIMA* , ** and Kazuya KIKUCHI* , *** † histones through the action of histone acetyltransferases (HATs), 5 while the acetyl group is removed by histone deacetylases (HDACs) (Fig. 1 ). 6 Histone acetylation locally activates chromatin structures, making the structure more accessible to transcriptional factors and RNA polymerases, and resulting in transcriptional activation.
In contrast, the deacetylation of histones leads to the formation of condensed chromatin structures, suppressing gene expression. Since Schreiber et al. first identified HDAC, 6 18 HDACs have been identified in humans. HDACs are classified into four groups, including class I (HDAC1, 2, 3, 8, 10), class II (HDAC4, 5, 6, 7, 9) , class III (SIRT1 -7, also known as sirtuins), and class IV (HDAC11). Class I, II, and IV HDACs are metallohydrolyases that use Zn 2+ in their active sites. 7 The active site contains a zinc-binding site and charge-relay systems composed of asparagine and histidine residues. 8 Class III HDACs catalyze deacetylation using a nicotinamide adenine dinucleotide (NAD + ) as a cofactor. 9, 10 Recent reports found that several class III HDACs remove non-acetyl groups from proteins. For example, SIRT5 reacts with succinylated, malonylated, and glutamylated lysine residues, while SIRT6 mainly reacts with fatty acylated lysine residues with long alkyl chains. 11, 12 These HDACs are present in the nucleus, cytosol, and mitochondria. Nuclear HDACs, such as most zinc-dependent HDACs and some sirtuins, mainly deacetylate histone proteins, while cytosolic and mitochondrial HDACs can deacetylate non-histone proteins.
The physiological roles of HDACs include roles in development and differentiation, which depends on the specific tissues and extracellular environment. 13 Class III HDACs are also associated with metabolic process, since their activities depend on the amount of the cofactor NAD + available. 10 In addition, aberrant gene expression resulting from an altered histone acetylation level is associated with cancer, neurodegenerative diseases, and immune diseases. [14] [15] [16] [17] [18] [19] For example, several cancer-suppression genes, such as cyclin-dependent kinase inhibitor p21, are down-regulated by local chromatin inactivation in malignant cells. 19 The inhibition of HDACs causes transcriptional activation of cancer-suppressor genes, resulting in cell-cycle arrest and apoptosis induction in malignant cells. Therefore, probing HDAC activity is essential not only for understanding physiological HDAC modulation, but also for evaluating inhibitors during drug development.
In this review, we highlight the progress in chemical tools and methods used for investigating HDAC activity. Although antibody-based techniques, such as western blotting-, enzymelinked immunosorbent assay-, and chromatin immunoprecipitation (ChIP)-based analyses are also powerful tools for detecting histone acetylation levels, these methods highly depend on the quality of the antibodies. 20 In addition, antibodies are cell impermeable and often utilized for staining of fixed cells, which has some limitation in understanding HDAC dynamics in living cells. Mass spectra-based proteomic approaches are also useful for determining substrate specificity and quantifying HDAC activity. [21] [22] [23] [24] [25] In this review, we mainly focus on HDAC detection methods using chemical probes with positron emission tomography (PET) and fluorescence that can be expanded for imaging applications.
Activity-based Probes
Activity-based protein profiling methods are interesting approaches for detecting enzymes and their substrates. Activitybased probes are covalently directed to enzyme active sites for chemical labeling of targeted enzymes. 26 These probes generally consist of a warhead domain, a covalent enzyme inhibitor, and a tag domain for further chemical labeling. The alkyne tag is mainly used for subsequent coupling with azide-conjugating biotin or a fluorophore via Cu(I)-catalyzed azide-alkyne cycloaddition. The biotinylated protein complexes can be purified using affinity beads immobilized to streptavidin, which can be subjected to further proteomic analysis, such as in liquid chromatography and tandem mass spectrometry (LC-MS/MS). The trapped proteins can be precisely identified in purified samples.
Fluorophore-labeled protein complexes can be detected with high sensitivity on gels and in test tubes. This strategy has been utilized to detect various types of enzymes, including serine proteases, cysteine proteases, kinases, and acetyltransferases. [27] [28] [29] [30] Similar to the enzymes described above, activity-based probes for zinc-dependent HDACs have been designed based on the chemical structure of the inhibitors. Salisbury et al. reported activity-based probes based on suberoylanilide hydroxamic acid (SAHA), a non-covalent HDAC inhibitor that chelates a zinc ion in the active site of zinc-dependent HDACs, conjugated with an alkyne tag and a benzophenone as a photocrosslinker (Fig. 2) . 31, 32 Although SAHA is a reversible inhibitor, bound HDACs can be trapped by a photocrosslinking benzophenone moiety under UV irradiation. Crosslinked proteins, including HDAC1 and 2, were detected in HeLa cell lysates after labeling with rhodamine and subsequent fluorescence detection in gels. Moreover, this probe also selectively trapped other proteins, including methylated DNA binding protein 3 (MBD3) in cell lysates and living cells. This result suggests that these proteins may exist in close proximity to trapped HDACs and be associated with substrate recognition and activity. Proteomic analysis of trapped proteins in aggressive and non-aggressive melanoma cell lines revealed that the detection levels in HDAC6 and a larger HDAC complex CoREST were significantly altered compared to that in other cell lines, suggesting a cell dependency of the HDAC function. Xu et al. also developed activity-based probes based on the pimelic diphenylamide inhibitor. 33 They found that the probe specifically targets HDAC3 in cells, and that the role of HDAC3 in gene expression is associated with neurodegenerative Friedreich's ataxia. Recently, Diyabalanage et al. reported an alternative strategy for the detection of HDAC activity in living cells based on aldehyde trapping. 34 They developed an activity based probe, HP-1, a fluorescent dye, 7-nitro-benzo-2-oxa-1,3-diazole (NBD), conjugated with an enamide via an aliphatic linker. The terminal enamide can be deacetylated by HDAC, yielding a reactive aldehyde via hydrolysis of an enamine. Since aldehydes are crosslinked with amino groups of proteins, HDAC activity can be detected by the accumulation of the fluorescence trapped in the protein fraction. Using this strategy, they showed an HDAC activity-dependent cellular accumulation of HP-1 by fluorescence imaging. Although further improvement on the reaction efficiency and selectivity will be required, this novel strategy can potentially be utilized in other imaging modalities, such as magnetic resonance imaging (MRI) and PET for in vivo studies.
PET Probes
PET is a useful method for in vivo imaging applications to investigate the detailed biodistribution of the exogenously administrated molecules with excellent sensitivity. 35 The HDAC inhibitor, SAHA, and a microbial natural product, FK228 (Romidepsin), were recently approved by the FDA for the clinical treatment specific T-cell malignancies. Evaluations of the pharmacokinetic properties in vivo are urgently required for further development of HDAC inhibitors. For the development of PET probes, a radioisotope, such as fluorine-18 ( 18 F, half-life ~110 min) or carbon-11 ( 11 C, half-life ~20 min), was introduced to the target molecules. Several PET-active probes based on HDAC inhibitors were developed for the detection of HDAC and biodistribution of HDAC inhibitors in vivo (Fig. 3) 18 F-SAHA PET probe possessing a hydroxamic acid in order to address this problem. 37 This probe exhibited a similar potency and selectivity to SAHA, and showed a time-dependent accumulation in tumors in a murine ovarian cancer model. A benzamide-type of HDAC inhibitor, MS-275, showed potential for the clinical treatment of cancer and neurological diseases. However, [ 11 C] MS-275 showed a very low blood-brain barrier (BBB) permeability based on PET imaging results. 38 Thus, more active and BBB-permeable MS-275 derivatives were developed for further applications to neurological diseases. 39 
Fluorogenic Probes
Fluorescence detection is a versatile method for examining enzymatic activity with high sensitivity.
In particular, fluorescence-based detection systems are useful for drug screening because of they can be used in high-throughput applications. Because HDAC inhibitors with high potency or excellent selectivity are highly demanded as drugs for cancer and other diseases, considerable efforts have been made in the development of novel HDAC-inhibiting compounds using a mechanism-based approach. 40 Fluorogenic probes that switch their fluorescence properties upon enzyme reactions are powerful tools in fluorescence detection systems. Fluorescent properties can be controlled based on the mechanism of Förster resonance energy transfer (FRET), which depends on the distance between a fluorophore and a quenching molecule. In contrast, photoinduced electron transfer, which depends on the electronic energy level between an electron donor and acceptor, is also utilized for fluorescence switching. Based on these fluorescence-switching mechanisms, a number of fluorescent probes have been developed and applied for detecting the activities of enzymes, such as proteases, glycosylases, and esterases. 41, 42 However, the design of fluorogenic probes for directly detecting HDACs is difficult because the mechanisms described above are not available for the deacetylation of aliphatic amines.
Using two-step enzyme-coupled reactions, Weggener et al. developed a fluorogenic method for detecting HDAC activity (Fig. 4A) . 43 They developed a peptide containing an acetylated lysine conjugated to an aminomethylcoumarin (AMC) at the C-terminus. An AMC moiety shows little fluorescence when acylated at the 7-amino group. After deacetylation of the probe, the peptide bond between the C-terminal of deacetylated lysine and the 7-amino group of AMC can be cleaved by trypsin, an endoprotease that cleaves the C-terminus of basic amino acids. Trypsin cleavage results in the release of AMC and an increase of fluorescence. This method can be used to evaluate the activity of various HDACs as well as the substrate specificity. However, the initial probe shows a limitation in the detection of class IIa HDACs. Brandner et al. reported that introduction of a relatively unstable trifluoroacetylated lysine in place of the acetylated lysine enabled efficient detection of class IIa HDACs, which can include all Zn 2+ -dependent HDACs. 44 A systematic evaluation of the isoform selectivity of the inhibitors enabled the identification of a novel HDAC inhibitor with broad HDAC specificity.
Such peptide-based fluorogenic probes are commercially available as Fluor-de-Lys ® probes for HDAC detection. However, one limitation of the probe is the inflexibility of the probe design, since the fluorophore (AMC) should be located at the adjacent position of the acetylated lysine residue. Moreover, an additional protease digestion step is required to enhance the fluorescence after the HDAC reaction. For high-throughput screening of HDAC inhibitors, more facile and direct detection methods are required.
Recently, our group developed novel fluorogenic probes that do not require additional enzyme treatment for HDAC detection. 45 One such approach is based on the nucleophilicity of the amino group of deacetylated lysine (Fig. 4B) . Based on this concept, a fluorogenic probe K4(Ac)CCB was designed by conjugating a 7-acylated hydroxycoumarin dye possessing an electrophilic carbonate linker to a substrate peptide derived from residues 1 -9 of histone H3. Upon probe deacetylation, the nucleophilic aliphatic amine at the lysine residue intramolecularly attacks the carbonate linker, producing fluorescent aminocoumarin. The intramolecular transesterification from a 7-hydroxycoumarin to a deacetylated lysine was spontaneously observed after deacetylation by HDAC using high-performance liquid chromatography analysis. Based on this finding, the activity of SIRT1 deacetylase was evaluated based on a fluorescence increase, which demonstrated the usefulness of single-step HDAC detection. Another approach was based on aggregation-induced emission, which enhances fluorescence by a conformational restriction of the molecules in the aggregated state (Fig. 4C) . 46 A tetraphenylethylene-derived fluorogenic probe, K(Ac)-PS-TPE, possessing an acetyllysine and a sulfonate group, was also developed.
Deacetylation of acetyllysine causes aggregation-induced emission because of the changes in the electrostatic interactions between the cationic N-ε-ammonium ion and the sulfonate group. Very recently, we also developed a fluorogenic detection method based on a DNA binding dye that increases the fluorescence upon binding to DNA (Fig. 4D) . 47 This strategy is directed to the detection of HDAC activity using DNA in the nucleus, where most of the HDACs exist. A fluorogenic probe was developed by the conjugation of the DNA binding BOXTO dye to a peptide containing an acetylated lysine. Deacetylation of the probe markedly increased the DNA binding affinity because of electrostatic interactions between a cationic lysine residue and phosphate backbone in DNA. As a result, a fluorescence enhancement by 7.8-fold was observed upon deacetylation by HDAC in the presence of an excess amount of purified DNA. This system enabled real-time monitoring of the HDAC activity and a rapid evaluation of the inhibitor potencies with a one-pot procedure. Although the cellular HDAC activity has not been successfully demonstrated, further improvements of the cell permeability and the reaction efficiency of the probe will dynamically monitor HDAC activity in living cells. These facile and direct methods can be used to evaluate the enzyme activity and inhibitor potency in a one-step procedure, which is applicable to the development of drugs targeting histonemodifying enzymes.
Conclusions
In this review, we described methods for detecting HDAC activity, while mainly focusing on chemical approaches, including PET and fluorescence detection. Although these fluorogenic detection methods facilitate rapid evaluations of HDAC-targeting inhibitors for drug development studies, elucidating the dynamics of HDAC activity in living cells remains challenging. Genetically encoded fluorescent protein sensors for HDAC detection were reported for the evaluation of cellular HDAC activity based on FRET. 48 However, fluorogenic chemical probes available for live cell imaging of HDAC activity will also become attractive tools because of the facile control of the timing using chemical probes, making them suitable for understanding time-or cell-dependent HDAC activity. Further advances in the design of chemical probes for HDAC detection based on both chemistry and biology will contribute to the development of epigenetic studies and medical applications.
